ABSTRACT: Imaging of the mammalian cardiac right ventricle (RV) is particularly challenging, especially when a two-dimensional method such as conventional histology is used to evaluate the morphology of this asymmetric, crescent-shaped chamber. MRI may improve the characterization of mutants with RV phenotypes by allowing analysis of the samples in any plane and by facilitating three-dimensional image reconstruction. MRI was used to examine the conditional knockout Cx43-PCKO mouse line known to have RV malformations. To help delineate the cardiovascular system and facilitate identification of the right ventricular outflow tract (RVOT), embryonic day (E) 17.5 embryos were perfusion fixed through the umbilical vein followed by a gadolinium-based contrast agent mixed in 7% gelatin. Micro-MRI experiments were performed at 7 T and followed by paraffin embedding of specimens, histological sectioning and hematoxylin and eosin (H&E) staining. Imaging of up to four embryos simultaneously allowed for higher throughput than traditional individual imaging techniques, while intravascular contrast afforded excellent signal-to-noise characteristics. All control embryos (n ¼ 4) and heterozygous Cx43 knockout embryos (n ¼ 4) had normal-appearing right ventricular outflow tract contours by MRI. Obvious abnormalities in the RVOT, including abnormal bulging and infiltration of contrast into the wall of the RV, were seen in three out of four Cx43-PCKO mutants with MRI. Furthermore, three-dimensional reconstruction of MR images with orthogonal projections as well as maximum-intensity projection allowed for visualization of the relationship of infundibular bulging segments to the pulmonary trunk in Cx43-PCKO mutant hearts. The addition of MRI to standard histology in the characterization of RV malformations in mutant mouse embryos aids in the assessment and understanding of morphologic abnormalities. Flexibility in the viewing of MR images, which can be retrospectively sectioned in any desired orientation, is particularly useful in the investigation of the RV, an asymmetric chamber that is difficult to analyze with two-dimensional techniques.
INTRODUCTION
The cardiac right ventricle (RV) is a crescent-shaped, asymmetric chamber that is located ventrally and caudally to the left ventricle (LV). Inflow into the RV from the right atrium via the tricuspid valve occurs at the right dorsal aspect of the heart, while the RV outflow tract (OT) is situated ventrally and cranially. The complicated structure of the RV stands in contradistinction to that of the LV, which is a more symmetric and thicker-walled muscular chamber. Consequently, assessing the RV chamber with standard techniques that limit investigation to a two-dimensional plane, such as conventional histology, is a difficult proposition that may result in loss of important three-dimensional structural data. While standard histology provides superb spatial resolution and ultrastructural information, histological examination is limited to the plane of sectioning. Three-dimensional reconstruction of histological images is time consuming and severely limited by problems of registration (1, 2) . Magnetic resonance (MR) imaging may be an ideal complementary modality to histology for the examination of mutant phenotypes that primarily affect RV morphogenesis (3) .
Image sets obtained using MRI can be sectioned and resectioned non-destructively in any orientation of interest. MR images can be used to generate threedimensional projections, without the registration issues that histological sectioning can introduce. Furthermore, with the addition of intravascular contrast, the internal contour of the RV can be examined even on magnets with modest field strength, thereby facilitating the characterization of complicated RV morphologic phenotypes. Indeed, MR imaging has proven to be a superb imaging technique for evaluating abnormalities of the RV in conditions such as arrhythmogenic right ventricular dysplasia/cardiomyopathy (4, 5) and complex congenital heart disease (6), as well as in the evaluation of experimental models of heart disease (7) .
Previous studies using MR to analyze the cardiac phenotype of germline Cx43 knockout embryos were performed with custom-made coils and a high field strength (9.4 T) (8) . Investigations with field strengths in excess of 11 T have been used to describe the normal embryonic development of the mouse (9) , to characterize the effect of teratogens on the mouse embryo (10) and to increase throughput by imaging multiple genetically manipulated embryos simultaneously (11) (12) (13) (14) (15) . With their 7 T MR system, a widely available field strength for animal research purposes (16, 17) , the present authors wished to investigate whether it was possible to analyze developmental phenotypes of the RV while improving throughput compared with conventional MRI experiments.
To investigate the ability of MR imaging with intravascular contrast enhancement to evaluate mutant RV phenotypes, embryonic day (E) 17.5 mouse embryos with neural tube-specific loss of the connexin43 gap junction protein ('Cx43-PCKO' mice) were chosen for examination. At this stage, these mutant mice have aberrant development of the RVOT consisting of a grossly bulging appearance of the myocardium above the area of the outflow tract with associated 'conotruncal pouching' and trabecular in-growth into the outflow tract (18) . The phenotype of the Cx43-PCKO mice is similar to that of the germline Cx43 knockout, which has been previously analyzed by mMRI using a field strength of 9.4 T and individual imaging of each embryo (8) .
In the Cx43-PCKO mouse line the aim was to characterize RVOT morphology using the 7 T system while simultaneously imaging four embryos at an imaging resolution of 50 mm. It was found that imaging with MR after injection of intravascular contrast agents accentuated the anatomy of cardiac chambers and the outflow tract and afforded excellent visualization of the abnormally bulging infundibular segment in mutant embryos. By providing for the interrogation of image sets in multiple planes of orientation, MR allowed for a precise characterization of how bulging infundibular segments affected the overall integrity of the outflow tract. Differences in OT morphology between mutant and control hearts were also observed at an imaging resolution of 100 mm, which could substantially reduce the imaging time. Thus, MR imaging with intravascular contrast injection is of substantial value in the evaluation of a mutant phenotype that affects primarily the RV.
METHODS

Mouse model
Mice harboring a Cx43 gene locus flanked by LoxP sites ('Cx43 floxed mice') (19) were crossed with P3pro-Cre transgenic mice (20, 21) to generate a mutant line with P3pro-Cre-mediated conditional knockout of Cx43 (Cx43-PCKO) (18) . P3pro-Cre transgenic mice were obtained courtesy of Dr. J. A. Epstein (University of Pennsylvania, Philadelphia, PA). The P3pro-Cre transgene is driven by the proximal 1.6 kb of the Pax3 promoter. Cx43-PCKO mice have abnormal cardiac morphogenesis characterized grossly by infundibular bulging similar to that of the germline Cx43 KO mouse, but Cx43-PCKO mice are easier to breed than the germline mutants (22, 23) . Cx43-PCKO mice carried one allele in which the Cx43 open reading frame was deleted, or 'floxed-out', in the germline. Mice that were wild type at the Cx43 locus or that did not carry the Cre transgene and a 'floxed-out' allele were used as controls. Heterozygous Cx43 knockout embryos served as an additional study group.
PCR and Southern blotting of yolk sac DNA was used to establish genotypes. All studies were approved by the Institutional Animal Care and Use Committees of the New York University School of Medicine and the Veterans Administration New York Harbor Healthcare Medical Center (New York, NY).
Perfusion-fixation and injection of intravascular contrast agent
Preparation for MR microimaging was carried out in a similar manner to that described by . Conceptuses at E17.5 were removed from euthanized pregnant females and placed in ice-cold phosphatebuffered saline. Individually, conceptuses were placed on a glass dish lined with Sylgard 184 silicone elastomer base (Dow Corning, Midland, MI), moistened with phosphate-buffered saline and warmed to 378C. The yolk sac was removed from around the embryo, carefully separated from the placenta and processed for genotyping. Under a dissecting microscope, the umbilical vessels were incised and the umbilical vein was cannulated with a glass micropipette attached via a length of tubing to an IPC peristaltic pump (Ismatec SA, Glattbrugg, Switzerland). Phosphate-buffered saline with heparin (5000 U/L) was infused through the umbilical vein to clear the vasculature of blood, followed by perfusion with 2% glutaraldehyde/1% formalin and lastly a gadolinium-based MR contrast agent (BSA-DTPA-Gd; Sigma-Aldrich) mixed in 7% gelatin. Food coloring (McCormick & Co., Inc., Hunt Valley, MD) was added to the fixative and contrast agent to verify perfusion. The umbilical vessels were then ligated and the embryo was stored in 2% glutaraldehyde/1% formalin at 48C.
Magnetic resonance imaging of mutant embryos
MR microimaging experiments were performed using a 7 T, 200 mm horizontal bore, superconducting magnet (Magnex, Abingdon, UK) with an actively shielded gradient coil (120 mm ID, 250 mT/m gradient strength, 200 ms rise time). A recirculating water-cooled chiller (Neslab, Newington, NH) was used to prevent overheating of the gradient insert while achieving the highest duty cycle by setting the temperature to 108C. A quadrature litz coil (Doty Scientific, Columbia, SC) designed for mouse head imaging (ID ¼ 25 mm; length L ¼ 22 mm) and tuned to 301 MHz was used to incorporate a 30 cc syringe (24 mm outer diameter, 20.5 mm inner diameter; Becton Dickinson, Franklin Lakes, NJ, USA). To increase throughput, up to four E17.5 embryos were glued into place (Krazy Glue; Elmer's Products, Inc., Columbus, OH) in the 30 cc syringe, one in each quadrant of the plunger. The mouse embryo samples were then embedded in 3% low-melt agarose (SeaPlaque 1 ; Rockland, Maine, USA) to prevent dehydration during long image acquisition times.
Imaging was performed overnight with a 3D T 1 -weighted gradient echo (echo time TE ¼ 5 ms; repetition time TR ¼ 50 ms; flip angle FA ¼ 358; FOV ¼ 25.6 mm; matrix size ¼ 512 3 ; isotropic resolution ¼ 50 mm; number of averages Nav ¼ 4; total imaging time ¼ 14 h, 35 min) to provide adequate spatial resolution and signal-to-noise ratio (SNR). The SNR was defined as the average signal intensity of the sample divided by the standard deviation of the background signal from air. Based on prior experience, the goal was to maintain an SNR of greater than 30 (27, 28) . In order further to optimize image quality and more easily identify the vascular structures while maintaining myocardial delineation, a contrast-to-noise ratio (CNR) of greater than 5 was aimed for. The goal for CNR was based on Rose's criterion for the minimum ratio that permits the visibility of an object image in a homogeneous background (29) . The CNR was assessed as the difference in SNR between intravascular signal and myocardial tissue in the embryos using ImageJ (NIH, Bethesda, MD). Four of the embryos were also imaged at an isotropic resolution of 100 mm (identical sequence parameters; matrix size ¼ 256 3 ), adding two additional hours to the total imaging time. The 100 mm image dataset was subsequently zero filled to 512 3 matrix size to provide an isotropic resolution of 50 mm.
For three-dimensional rendering of the embryo vasculature, MR images were reconstructed using three-dimensional maximum-intensity projection (MIP). Image quality of three-dimensional datasets was adjusted by thresholding prior to MIP and contrast refinement. All image analysis and visualization was performed using Analyze 5.0 software (Analyze; Biomedical Imaging Resource, Mayo Foundation, Rochester, MN).
Preparation of whole-mount hearts
To aid in the visual interpretation of three-dimensional reconstructions of MR data, neonatal control and Cx43-PCKO hearts were excised, rinsed in phosphatebuffered saline and imaged using a Leica MZ12.5 stereomicroscope equipped with a DEI-750D video camera (Leica, Wetzlar, Germany). Images of wholemount neonatal control and Cx43-PCKO hearts are presented in tandem with three-dimensional reconstructed MR images from E17.5 embryos with matching genotypes.
Histological assessment of perfused embryos
After MR imaging, specimens were dehydrated in ethanol, embedded in paraffin blocks and sectioned at a thickness of 5 mm. Selected sections were stained with hematoxylin and eosin (H&E) using a Zeiss HMS series programmable slide stainer.
RESULTS
Improved throughput with excellent signal-to-noise characteristics in MR imaging of multiple embryos with injected intravascular contrast agent
To improve the throughput of the present imaging technique over traditional imaging of individual embryos, four embryos at a time were embedded in 3% low-melt agarose using a 30 cc syringe as a mold for simultaneous imaging of multiple embryos with a variety of genotypes [ Fig. 1(A) ]. In addition to improving throughput, simultaneous imaging of multiple embryos reduced variability of image acquisition among individual embryos. Furthermore, injection of contrast agent afforded excellent SNR characteristics in the intravascular space. The mean SNR for the contrast-enhanced intravascular space was almost twice as high as that calculated for the myocardial tissue. Nonetheless, myocardial tissue had a sufficiently high SNR to enable distinction of the heart muscle from background noise.
In addition to a high SNR, images were optimized to maintain a high CNR between the intravascular space and myocardium, allowing highly detailed imaging of cardiovascular structures [ Fig. 1(B) and Table 1 ]. For the purpose of comparison, the leftmost embryo in Fig. 1(A) was not injected with contrast agent. Thus, simultaneous MR imaging of multiple embryos with injected intravascular contrast enhanced throughput while maintaining excellent SNR and CNR characteristics of the resulting images.
Abnormal RVOT contour is well delineated by MR in the Cx43-PCKO mutants in Figs 2(C) and (D) ]. Infiltration of contrast material deep into the wall of the RV in the mutant hearts was consistent with extensive blind-ended lacunae and sinusoidal cavities observed previously in the Cx43-null RVOT (30) . Morphologic abnormalities of the RVOT were apparent in three of the four mutant embryos on MR images. Therefore, MR imaging and intravascular injection of contrast could be used to identify morphologic abnormalities of the embryonic RVOT.
MR images provide excellent characterization of the Cx43-PCKO infundibulum
The infundibulum, or muscular portion of the RV that leads into the OT, is the region of the Cx43-PCKO and germline Cx43-null hearts that is most obviously and grossly affected by the mutant phenotype (Fig. 3) . The infundibulum in these Cx43 mutant lines develops large bulging segments bilaterally, termed 'conotruncal pouches' (31) , that grossly disrupt the contour of the heart. MR images of Cx43-PCKO hearts at the level of the infundibulum showed important differences between the mutant and control hearts. While the control infundibulum had a smooth lumen encircled by a thick muscular layer [ Fig. 3(B) ], the Cx43-PCKO infundibulum had bulging, thin-walled aneurysmal segments and extensive extravasation of contrast into the RV wall [ Fig. 3(D) ]. Thus, as observed with imaging at the level of the pulmonic valve, MR yields excellent images detailing morphologic abnormalities of the infundibulum.
Orthogonal MR images define the extent of infundibular bulging and the relationship to RVOT
To define the extent of the infundibular bulging segment and its relationship to the RVOT, orthogonal views of the MR images were interrogated. Starting from the transverse projection [Figs 4(A) and (D) ], the RVOT was identified and coronal and sagittal projections through the same point were examined. This simplified the identification of various structures, such as the infundibular segment, on each projection. In the coronal view, the mutant infundibulum extended cranially to the left ventricle and to the left of the pulmonary trunk, thus displacing the left atrial appendage [compare Figs 4(B) and (E)]. The mutant infundibulum could be seen extending ventrally and cranially relative to the RVOT in the sagittal image [ Fig. 4(F) ]. The corresponding view in a control embryo demonstrated a narrower infundibulum that tapers into the pulmonic valve and pulmonary trunk [ Fig. 4(C) ]. By allowing the RVOT from individual mutants to be viewed in multiple sectioning planes, MR imaging improved the understanding of the PCKO RV malformation.
Three-dimensional reconstruction of MR images shows gross structural changes in the Cx43-PCKO heart To investigate how altered RV architecture in the Cx43-PCKO heart affected the gross structural status of the mutant heart, three-dimensional MIP reconstruction of MR images was performed (Fig. 5) . As a guide to orientation, MR images are presented in juxtaposition to whole-mount control [ Fig. 5(A) ] and mutant hearts [ Fig. 5(C) ]. In MR images of a control heart viewed in the left anterior oblique projection [ Fig. 5(B) ], both ventricles were distinctly visible and clearly separated by the interventricular septum (small arrow). The aortic arch was seen to be cranial to the heart and the left atrium projected just cranially and to the left of the OT. In contrast, the relationship of the right to left ventricle in the MR images of the mutant heart was altered such that the interventricular septum was no longer visible from the left anterior oblique projection [ Fig. 5(D) ]. The grossly enlarged infundibulum and RVOT in the mutant heart extended cranially and to the left of the heart, nearly obstructing the view of the aortic arch and displacing the left atrium. Three-dimensional reconstruction of MR images was particularly valuable for visualizing the altered architecture of the RV and its relationship to neighboring structures in a non-destructive manner. . Three-dimensional maximum-intensity projection MR images of control and Cx43 mutant hearts. To aid in orientation, whole-mount neonatal control (A) and Cx43 mutant hearts (C) are presented adjacent to maximum-intensity projection MR images of separate E17.5 control and Cx43 mutant embryos (the whole-mount neonatal heart shown in (C) is a germline Cx43-null mutant shown for illustrative purposes). The aortic arch (AA) is easily visible and unobstructed in three-dimensional MR images of the control heart (B). In contrast, the mutant heart (D) has a prominent conotruncal (infundibular) pouch (CTP) that extends cranially almost to the level of the aortic arch, partially obstructing it from view and displacing the left atrium. Additionally, while the interventricular septum is clearly visible in MR images of control hearts [small arrow in (B)], the misshapen mutant RV partially blocks the septum from view (D). SVC, superior vena cava; IVC, inferior vena cava; V, ventricle.
MR imaging at an isotropic resolution of (100 mm) 3 demonstrates RVOT abnormalities in the mutant hearts
To determine whether RVOT abnormalities could be detected in the Cx43-PCKO hearts with a shorter imaging time, the embryos were studied at an isotropic resolution of (100 mm) 3 . In spite of a reduction in total imaging time for this experimental protocol to 2 h, abnormal phenotypic features of the mutant RVOT such as infundibular bulging were clearly apparent when compared with control hearts. In addition, mural extravasation of contrast in the RVOT was seen in the mutant hearts, but not in the controls (Fig. 6) . As a result of injection of intravascular contrast and the flexibility afforded by MR image processing, determining the phenotype of mutants with morphologic abnormalities of the RV could be accomplished in multiple embryos in as little as 2 h.
DISCUSSION
This study demonstrated the versatile and detailed nature of MR characterization of RV abnormalities in embryos from the mutant Cx43-PCKO line. To investigate RV morphologic abnormalities in a mutant line, features from published MR imaging protocols such as simultaneous imaging of multiple embryos (11) (12) (13) and injection of intravascular contrast to facilitate visualization of cardiac chambers and vascular structures (24) were combined. MR imaging has been used previously to examine the cardiac phenotype of the germline Cx43 knockout mouse, but this study of E14.5 embryos utilized a magnet with a field strength of 9.4 T, as well as custom-made coils (8) . By using an 11.5 T magnet, Schneider et al. obtained excellent images of the embryonic mouse heart without the use of intravascular contrast (11) (12) (13) . Since resources are limited and many academic centers do not have magnets with field strengths of 9.4 T and above, the present authors endeavored to design a protocol that would enable MR imaging of the mutant embryonic mouse heart with their 7 T MR system and a commercially available coil. By imaging multiple embryos simultaneously and by using intravascular contrast, it was possible to maintain adequate throughput and obtain excellent CNR characteristics between the intravascular space and the myocardium with the 7 T magnet and 'off-the-shelf' equipment.
Imaging of the RV using standard histology is complicated by the asymmetric structure of the RV. Unlike the RV, the left ventricle is a concentrically shaped, thick-walled chamber, and assumptions about its three-dimensional shape can be made on the basis of a two-dimensional image. Since the RV is a thin-walled chamber that is shaped like a crescent, it is more difficult to image reliably and reproducibly using a twodimensional technique such as histology since the perceived shape of the RV chamber is dependent on the plane of sectioning. The difficulties in visualizing the RV are ameliorated with MR imaging, since orthogonal projections can be used to standardize views of the RV for a more robust comparison. Furthermore, maximumintensity projections of MR images can improve the visualization of RV malformations by demonstrating the relationship of segmental abnormalities to other structures of the heart in three dimensions. The combination of intravascular contrast with MR imaging is particularly important for cardiac phenotyping of mutant mice, since it allows for the non-destructive three-dimensional data visualization of the heart in its vascular context. This enables the investigator to determine the precise orientation for subsequent histological sectioning of the embryo and whether vascular abnormalities are present without dissecting the embryo.
Injection of intravascular contrast via the umbilical vein can function to emphasize aneurysmal segments of the RV by expanding weakened regions under positive pressure. Thus, the thinned infundibulum of the Cx43-PCKO becomes maximally expanded and easily visualized when subjected to positive pressure during the fixation and contrast injection procedure. This process may actually result in overexpansion of the infundibulum, artifactually displacing the trabeculae in the RV chamber away from the RVOT, where they may otherwise obstruct blood flow during systole (32) . In contrast, thinned RV infundibular tissue, like that seen in some of the Cx43-PCKO samples, may contract and collapse when dehydrated and processed prior to embedding for histological analysis. Most likely for these reasons, infundibular abnormalities were detected more readily by MR imaging than by histological analysis in this series of Cx43-PCKO embryos.
Advances in image processing software and threedimensional reconstruction have improved the ability to characterize RV abnormalities by MR. Previously, RVOT dilatation was demonstrated in Cx43-null embryos using MR imaging (8) . In the present study, images of mutant hearts revealed more subtle but important findings in Figure 6 . MR images of control and mutant embryos acquired in 2 h at (100 mm) 3 isotropic resolution. Control (A) and mutant hearts (B) were imaged for 2 h at an isotropic resolution of (100 mm) addition to altered RVOT contour, including the ingrowth of trabeculae into the RV cavity and extravasation of contrast into the RV wall. Extensive trabeculation, changes in the shape of the RVOT and loss of integrity of the RV wall were apparent even in images acquired with an isotropic resolution of (100 mm) 3 . These images were acquired in 2 h, a considerable improvement over the 14.5 h total imaging time necessary to obtain an isotropic resolution of (50 mm) 3 . Alternatively, to increase throughput further, a larger RF coil may be used to accommodate a greater number of embryos while compensating SNR loss through averaging over longer imaging times. Thus, the present protocol is particularly appropriate for use by investigators studying cardiac phenotypes in mutant mice at centers with core facilities that have a magnet with limited field strength (<9.4 T) and where imaging time is in high demand.
Clinically, MR imaging provides critical complementary data in the work-up of patients with congenital malformations involving the RV (6) . MR is the preferred non-invasive imaging technique in the diagnosis and evaluation of arrhythmogenic right ventricular dysplasia/ cardiomyopathy, a fibro-fatty replacement and thinning of the RV myocardial tissue that provides a pathognomonic MR appearance (4, 5) . Furthermore, MR imaging is particularly useful in the evaluation of RV size and function in genetically altered mice and experimental mouse models of heart disease (7, 33) .
The Cx43-PCKO line was chosen for this study specifically because the most obvious characteristic of the mutant phenotype is gross deformation of the RV. This mutant line provided an opportunity to examine the ability of MR imaging to characterize morphologic abnormalities in the RV. The present authors have previously shown that Cx43-PCKO mice, in which Cx43 expression is conditionally ablated in the thoracic neural tube, develop abnormalities of the RV infundibulum (with approximately 90% penetrance) that appear similar to those of the germline Cx43 KO. Neural tube-specific loss of Cx43 in the Cx43-PCKO line results in an aberrant migratory population of neuroepitheliumderived cells, some of which infiltrate the OT of the heart, presumably with a deleterious impact on the structural integrity of the infundibulum (18) . The Cx43-PCKO line was chosen instead of the germline Cx43-null line because breeding of the Cx43-PCKO line is considerably easier.
In conclusion, an MR imaging protocol has been developed using widely accessible technology and commercially available equipment that maintains acceptable throughput and signal-to-noise characteristics. RV abnormalities in the Cx43-PCKO embryos, such as abnormal RVOT bulging, trabecular in-growth and extravasation of contrast into the RV wall, can be reliably visualized with this MR imaging protocol. MR imaging, by enabling three-dimensional visualization and nondestructive sectioning in any plane of interest, provides an important complement to standard histology in the characterization of RV malformations.
